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doi: 10.1016/j.bpj.2010.10.003The crystal structure of LeuT from the neurotransimitter:
sodium symporter (NSS) family was solved with two
embedded Naþ in close association with the bound substrate
(1). Previous studies have indicated significant effects on
LeuT structure and the formation of outward- and inward-
facing conformations from binding and dissociation, respec-
tively, of the Naþ in the Na2 site (2,3). Recently, the crystal
structure of ApcT, a proton-dependent transporter, from the
amino acid-polyamine-organocation (APC) transporter
family was solved in an inward-open conformation, with
the side chain of Lys158 located in a pocket that can be struc-
turally aligned to the Na2 site in LeuT (4). Thus the proton-
ation and deprotonation of Lys158 of ApcT, which can result
in differed coordinating configurations, were proposed to
serve similar functions as the binding and dissociation of
Na2 in the conformational transition of LeuT (4).
The analysis of structures with LeuT fold shows that the
signature difference between outward- and inward-facing
conformations is the rearrangements of TM1 and TM6,
the unwound regions of which are directly involved in
the formation of the Naþ binding site(s) (5). However, it
remained unclear how the impact of Naþ binding is propa-
gated to the gating region on either side of the transporter.
Recent single-molecule fluorescence (smFRET) studies (6)
have identified the nature of conformational transitions trig-
gered by Naþ and substrate. We used molecular dynamics
(MD) simulations to interpret the distance changes moni-
tored with smFRET as corresponding to changes that occur
in the intracellular interaction network that result in the
intracellular portion of TM1, TM1a, moving away from
the protein bundle during the transition from outward- toinward-facing conformations (6). Here we report the results
of a comparative characterization of the transition to the
inward-open conformation from MD simulations extending
those described previously for LeuT (2) and carried out
here for ApcT. A key role for TM5 in coordinating this
conformational transition is revealed, and we discuss the
implications of the results for the functional mechanism
and modulation of LeuT-like transporters.
In structures with LeuT fold, Na2 sites are lined by resi-
dues from TM1 and TM8. In ApcT and in the BetP structure
fromBCCT family (4,7), TM5 also contributes to the aligned
Na2 sites. The protonation of Lys158 of ApcT is believed to
mimic Naþ binding (4). Congruently, we found in our
homology modeling of eukaryotic serotonin transporter and
dopamine transporter from the NSS family that after pro-
longed equilibration (30 to 60 ns), a conserved Thr from
TM5, in association with a conserved Asp from TM8,
becomes involved in the Na2 binding site (Fig. S1 of the
Supporting Material). The aligned position of this Asp is
occupied by a Thr in LeuT and coordinates Na2. Based on
the prevailing assumption that the eukaryotic and prokaryotic
NSS undergo a similar conformational transition mechanism
despite differences in structural details such as the Na2
binding configurations (1,2,4), this involvement of TM5 in
Na2 binding suggests that it has a role as well in coordinating
the intracellular conformational changes in the NSS family,
FIGURE 2 Local conformational changes near the Na2 site in
LeuT (A and B), and the vicinity of Lys158 of ApcT (C and D)
that allow TM1a to swing outwards during the transition from
the inward-closed (A and C, respectively) to the inward-open
conformations (B and D, respectively).
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permeation pathway (2,8). Thus the commonality of the Na2
site structure may be broader than that identified between
NSS and APC by the sets of directly coordinating residues
in the LeuT and ApcT structures. Indeed, other members of
the APC family were found to be Naþ-dependent and are
likely to have an Na2 site (9).
To address this new perspective we used the long MD
simulations to investigate the conformational impact of
a positive charge in the Na2 site, characterizing the Naþ
binding/dissociation in LeuT in comparison to proton-
ation/deprotonation of Lys158 in ApcT. From LeuT trajecto-
ries with and without Naþ (600 ns each), we identify
a change in Na2 binding with the significant backbone dihe-
dral changes of Val23 and the rotamer changes of Phe203
(Figs. 1, 2, Fig. S3, and Table S1). Similar rearrangements
were observed in our steered molecular dynamics/MD
studies of LeuT that have induced a more drastic inward-
facing conformation, as discussed below. A correspondingly
similar backbone rearrangement is seen by comparing ApcT
simulations with Lys158 protonated and deprotonated (180
ns each): when Lys158 is protonated, the backbone carbonyl
of the Ile22 (aligned with Val23 in LeuT) is flipped from the
orientation found in the inward-open ApcT crystal structure,
to that observed for Val23 in the inward-closed form of LeuT
in the crystal structure (Fig. 1).
These backbone dihedral changes impact strongly the
local conformational rearrangement (Table S1). In ApcT, it
also has a profound impact on the global rearrangement
that is consonant with the conformational rearrangements
leading to the LeuT inward-facing conformation, generated
by computationally steering the S1 site-bound substrateFIGURE 1 Configurational changes in the Na2 site of LeuT in
the presence (A) and absence (B) of Naþ, and the corresponding
vicinity of Lys158 of ApcT with Lys158 protonated (C) and depro-
tonated (D).
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(2), which was followed by prolonged MD simulations
designed to examine the structural equilibration (6). In
parallel, the evolution of conformational rearrangements
in LeuT expressed in the distance changes of the representa-
tive 7/86 residue pair (between N-terminus and intracellular
loop 1) was also monitored with smFRET (6). Distance
changes deduced from the smFRET measurements agree
well with the simulations results (6). Interestingly, the
distance change pattern— i.e., increase versus decrease in
going from in the inward-closed to the inward-open state,
which is monitored by the 7/86 pair in the LeuT simulations
and in smFRET— was the same as we observed here for the
aligned 6/82 pair in the ApcT simulations of the conforma-
tional transition from the Lys158 protonated state to the
Lys158 deprotonated one ((6) and Fig. S2). The similarity of
this important dynamic element (see details in (6)) in the
two transporters is observed here despite significant differ-
ences in the nature of local interactions in their functionally
important intracellular regions (see Supporting Material for
details about these interactions).
The outward movement of TM1a is common to our obser-
vations from simulations of LeuT (see (6)) and those
described here for ApcT, as well as to the smFRET data
for LeuT. This movement is essential to create the space
needed for the release of substrate to the cytoplasm. That
a similar solution for conformational changes supporting
release is observed in the two different transporters suggests
a conservation of the intrinsic mode of rearrangement for
the LeuT-like structure fold, albeit triggered differently
and produced by a different set of local changes. This is
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families with LeuT fold but different sequence composition.
Given the difference in the way in which the two trans-
porters incorporate the effect of charge in the Na2 site, it is
significant to understand and useful to examine how the
changes in that region are connected to the global rearrange-
ments discussed above. In LeuT, the changes are propagated
through a network formed by interacting loci in TMs 1, 5, and
7 (Val23-Ala19-Phe203-Leu285), near the Pro200 in TM5, by
triggering a change in conformation around this highly
conserved proline-kink, which is facilitated by the altered ro-
tamer distribution observed for the conserved Phe203 in the
presence and absence of Naþ and substrate (Fig. S3). We
propose that the trans c1 rotamer of the Phe203 allows
TM1a to swing outward, which also requires the dissociation
of the Trp8-Ile187-Tyr268 interaction network. This combined
move is a consequence of both substrate andNaþ binding (2).
Remarkably, in the ApcT simulations we observed a similar
interaction network (Ile22-Val18-Leu159-Ile231; note that
Leu159 is next to Lys158) and changes associated with
inward-open to inward-closed conformational rearrange-
ments produced only by the change in Lys158 protonation.
This exposes the details of the commonality between mech-
anisms inLeuTandApcTwhich, although different inmagni-
tude, are modulated by Na2 binding or protonation,
respectively, and determine the disposition of TM1a
(Fig. 2). These consistencies, and the similarities in triggers
and conformational changes, offer strong support for the val-
idity of simulation-based findings and conclusions reached
for LeuT, and suggest a common molecular mechanism for
the transition to inward-facing conformation in transporters
with LeuT fold.
The characteristics of the proposed common mechanism
are that 1), it is triggered by the elimination of a positive
charge from theNa2 site, which induces significant backbone
dihedral changes of anNaþ (positive charge)-binding residue
fromTM1 (Val23 in LeuTand Ile22 inApcT); 2), it propagates
the impact of this local rearrangement through coordinated
changes of TM5, which is in close association with Na2
binding, by employing a spatially ordered network of interac-
tions; and 3), it modulates the movement of TM1a downward
and away from the bundle in a manner enabled by steps 1
and 2. The specific rearrangement of TM1a is the signature
step in the creation of the inward-facing conformation and
the opening of the intracellular pathway. In the context of
entire transport cycle, the introduction and elimination of a
positive charge in the Na2 site alters the energy requirements
for the conformational changes, though possibly to different
degrees in different transporters (see the difference between
LeuT and ApcT regarding intracellular interaction networks
described in the Supporting Material). Due to these changes
in the energetics the substrate can readily shift the conforma-
tional equilibrium in the direction needed for transport (2).
The findings we describe define the intramolecular mech-
anisms by which Naþ binding couples to the transportprocess, and single out the lead/active role of TM1a and
the significant conformational changes involving the
conserved proline-kink in TM5 in the transition to inward-
open conformation. The structurally equivalent TM6b
segment exhibits a relatively more passive role, and there
seems to be no driving force for, or need for, a parallel rear-
rangement in TM1a and TM6b. This is also consistent with
our previous findings in Tyt1 (10). This conclusion is sup-
ported by the commonality of mechanisms we observed
for LeuT-like transporters in different families, and departs
from previously proposed mechanisms suggested entirely
by the apparent symmetry of the helices in the crystal struc-
ture of the transporter molecule (5,11).
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